NMDA receptor channels play a significant role in learning and memory and their dysfunction can cause neuronal cell death leading to dementia. Research had shown that lipids change the risk for dementia, especially some omega-3 lipids appear to lower Alzheimer's risk, yet only limited research exists on the modulation of NMDA receptor channels by lipids. Here we review recent literature concerning molecular determinants that influence the NMDA receptor channel gating via membrane lipids and fatty acids with profound significance for understanding how altered NMDA signalling leads to neuronal cell death linked to age-related dementia's. Future discovery of lipid-like modulators of NMDA receptor function offer the potential for the development of new bioceuticals and affordable nutritional supplements to combat neuronal degeneration as well as to promote well being and healthy aging.
INTRODUCTION
The NMDA receptor is an oligomeric cation channel which mediates long-term potentiation, synaptic plasticity and neuro-degeneration via conditional Ca 2+ signalling [1] [2] [3] . The channel requires coactivation by glutamate and glycine that bind to a ligand binding core [4] . The complexity of NMDA receptors arises from multiple genes encoding different subunits of the channel and alternative splicing of mRNA, which determines the variability in subunit composition, as well as functional heterogeneity. The ubiquitously expressed NR1 subunit is a product of a single gene encoding eight splice variants (Figures 1(a) and (b)) whereas four NR2 subunits (NR2A-NR2D) and two NR3 subunits are encoded by distinct genes and their products are differentially distributed throughout the central nervous system [5] [6] [7] . The transmembrane topology of NMDA receptor proteins predicts an extracellular N-terminus, followed by three transmembrane domains (TM1 -TM3) and intracellular C-terminus (Figure 1(a) ). A cytoplasmic reentrant loop (P) lines the channel pore, whereas an extracellular loop links the TM2 and TM3 domains. In the NMDANR1 subunit the cytoplasmic C-terminus is the subject of alternative splicing (Figure 1(b) ) which differentially affects its interaction with intracellular proteins and phospholipids [8] .
Several studies suggest that NMDA receptors influence neuronal growth, synaptogenesis and neuronal plasticity as well as fine-tuning of neuronal connections. During development, NMDA receptors are important for neuronal survival, differentiation, and neuronal migration [9,10] as well as for formation and stabilization of synapses and neuronal circuits [11, 12] . In the postnatal and adult brain, NMDA receptors act as molecular coincidence detectors of presynaptic and postsynaptic activity facilitated by pre-synaptic release of glutamate and simultaneous depolarization of the postsynaptic membrane that are requirements for the channel gating. Coincidence detection by the NMDA receptor depends on a voltagedependent channel block by extracellular Mg 2+ . This voltage-controlled Ca 2+ influx via the NMDA receptor is thought to be essential for activity-dependent modulations in synaptic strength [1, 13] . De-regulation of NMDA receptor function has been associated with excitotoxic cell death where neuronal cells are damaged and killed by excessive stimulation by glutamate and excitotoxins. NMDA receptor-mediated excitotoxicity has been implicated in many important human brain pathologies, ranging from amyotrophic lateral sclerosis, Alzheimer's disease and Parkinson's disease, depression, epilepsy, trauma and stroke to schizophrenia [14].
SUBUNIT COMPOSITION PRESENTS A CHALLENGE TO STUDY NMDA RECEPTOR'S FUNCTION
The subunit composition of the N-methyl-D-aspartate (NMDA) glutamate receptor affects both its channel activity and its sensitivity to modulation by a wide variety of substances. Despite research in this area, currently the exact subunit/splice variant composition of native NMDA receptor channels is not known although there is some evidence that the functional NMDA receptor forms a heterotetrameric channel composed of two NR1 and two NR2 subunits and multiple NMDA receptor channel isoforms exist resulting from selective splicing of the NR1 transcripts and differential expression of the NR2 block [30, 31] but also reduces single channel conductance [32] and modulates potentiation and block by polyamines, inhibition by protons and Zn 2+ , and channel sensitivity to glutamate and glycine [33] [34] [35] [36] . Furthermore, mice that express mutant NMDA receptors in position 598 of the NR1 subunit developed dysfunction in the nervous system with phenotypes ranging from reduced life expectancy, growth retardation, impaired nurturing reflex in females to death before weaning [37] . This indicates that the activity-dependent Ca 2+ influx through the NMDA receptor channels controlled by NMDANR1 subunit is likely to play an essential role in synaptic transmission in the central nervous system. Neuronal excitotoxicity is thought to be dependent on subunit composition of individual NMDA receptor complexes which greatly affect the electrophysiological and pharmacological properties of the intrinsic receptor channel. There is evidence that native NMDA NR1 proteins have distinct biochemical and functional properties and differ in stability and molecular weight [38, 39] . This heterogeneity has a further implication in the pathology of Alzheimer's disease. Alzheimer's disease, a major cause of dementia in the elderly, is characterized by selective neuronal degeneration within specific sub-regions of the hippocampus. Biochemical and molecular studies have demonstrated alteration in NMDA receptor subunits within a specific region of the hippocampus during Alzheimer's disease progression [40] .
Despite the physiological significance of NMDA NR1 subunit to channel function the homomeric NMDA NR1 receptors have not been studied thoroughly due to the difficulty to isolate single NMDANR1 currents in neuronal cells. Another difficulty that such studies present is the inability to determine which splice variant of the NMDANR1 receptor form functional channels at synapses. New methods of study of ion channels have emerged recently to address this issue. The extensively researched reconstitution methods of heterologously expressed recombinant proteins into liposomes and giant unilamellar vesicles (GUV) allow study of ion channels in isolated systems without complex cellular interactions [41] . We have successfully purified and reconstituted NMDA receptor channels into liposomes and GUV made of soy bean azolectin and performed single channel recordings using the standard patch-clamp techniques [42] ; (Figure 1(c) ). Our results suggests that the splice variant, NMDANR1(3b), heterologously expressed and purified from mammalian cell line HEK-293 can form a functional homomeric channel when reconstituted into artificial lipid bilayers made from phospholipids and fatty acids (Figure 1(c) ). Taken together current evidence suggests that some endogenous NMDANR1 splice variants may exist as functional homomeric complexes in neuronal cells and therefore play an important role in synaptic transmission.
MODULATION OF NMDA RECEPTOR CHANNEL BY LIPID BILAYER
NMDA receptors are regulated by polymodal stimuli.
The enhancement of NMDA receptor responses by fatty acids, osmotic forces, membrane phospholipids and membrane stretch [43] [44] [45] ; Kloda et al., 2007 [42-46] has been previously reported. Since lipids form a matrix for insertion of ion channels, it is not surprising that any changes to cell membrane, induced by either physical or chemical stimuli, could affect gating properties of ion channels which are sensitive to such changes. In fact membrane fluidity is determined by the presence of fatty acids (increase membrane fluidity) and the phospholipids/free cholesterol ratio, as cholesterol increases membrane viscosity [47, 48] . Thus a diet based on a high proportion of essential polyunsatured fatty acids would allow a higher incorporation of cholesterol in the membranes to balance their fluidity that would further limit the availability of cholesterol in the blood stream. The correlation of membrane expansion induced by either mechanical or chemical stimuli with the block of the NMDA receptor channel indicates that the synaptic transmission can be altered if NMDA receptor complexes experience local changes in the lipid environment. Such changes may be caused by either dynamic targeting of "raft" proteins to lipid microdomains and modification of biophysical properties of cell membranes due to e.g. insertion of lipophilic compounds. Lipid rafts are distinct parts of the cell membrane enriched in cholesterol and sphingolipids and could affect the function of NMDA receptor channels directly via changes in biophysical properties of the lipid bilayer, which can occur during "raft" recruitment as well as changes in membrane fluidity due to the distinct composition of raft lipids. These microdomains play an important role in cellular signalling processes [49] [50] [51] . Indeed, there is evidence that glutamate signalling via Ca 2+ influx is regulated by lipid rafts [14] . Although functional regulation of NMDA receptor channels seems to be associated with complex molecular systems including signalling proteins, it is possible that other aspects of the membrane environment play a significant role in this process. NMDA receptor channels have been shown to be associated with lipid rafts [52] and lipid rafts have been found to play a critical role in the maintenance and function of synapses [53, 54] . There is evidence that lipid rafts can modulate the function of NMDA receptor channels [14] . Furthermore, depletion of plasma membrane cholesterol plays a critical role in NMDA-receptor mediated Ca 2+ influx in hippocampal cultured neurons and has a dramatic effect on neuronal excitability [54] . Thus excitotoxicity, which in AD is mainly glutamate and NMDA receptor dependent, could occur due to altered membrane fluidity. This in turn could affect the functional properties of NMDA receptors such as Mg 2+ block via the bilayer mechanism [42] , further indicating that the function of the NMDA receptor as a molecular coincidence detector may not only be controlled by voltage but also by the membrane bilayer deformation forces.
MODULATION OF NMDA RECEPTORS VIA MEMBRANE LIPIDS
Evidence shows that NMDA receptor channels are potential targets for membrane phospholipids [8, 44] . Lysophospholipids inhibit NMDA-mediated responses further suggesting that the membrane tension and/or curvature are important modulators of the NMDA receptor function [44, 42] . In contrast Phosphatidylinositol-4,5-Biphosphate (PIP2), which has been reported to modulate the activity of many other ion channels and transporters [55] is proposed to regulate NMDA receptor activity through interaction with alpha-actinin. A recent study demonstrated that the NMDANR1 subunit forms complexes with actin protein and further, the authors identified sites on the NMDANR1 subunit that sense PIP2 [8].
The C-terminus of the NR1 subunit can be divided into three domains: C0, C1 and C2 (Figures 1(a) and  (b) ). C-terminal domains of NMDA NR1 subunit are not only targets for alternative splicing [56] but also harbour sites for protein-protein interaction of the NMDA receptor channel with e.g. tubulin, spectrin, calmodulin and others [57, 58] ; 1997 [59] [60] [61] [62] . According to [8] it is a C0 domain of NMDA NR1 subunit that is most likely involved in PIP2 sensing via binding of alpha actinin. The proposed model suggests that alpha-actinin tethers C-terminal regions of the NR 1 subunit of NMDA receptors and PIP2 in the plasma membrane to keep the channel open. Upon cleavage of PIP2 by phospholipase C (PLC) into inositol triphosphate and diacylglycerol, alpha actinin detaches from the membrane resulting in channel closure and suppression of currents through the NMDA receptor channel. Indeed previous studies have suggested that displacement of alpha-actinin by calmodulin is responsible for calcium-dependent inactivation of NMDA receptors [60, 63] . On the other hand actin depolymerization has been reported to reduce NMDA channel activity [64] , decrease the number of synaptic NMDA receptor clusters [65] , and trigger long-term depression of NMDA synaptic responses in the hippocampus [66] . Alpha actinin has been shown to interact with not only proteins including PDZ-type proteins, certain types of kinases and collagen [67] [68] [69] but also membrane lipids including diacylglycerol (DG) and palmitic acid (PA) [70] , PIP2 [71, 72] as well as other negatively charged phospholipids [73] [74] [75] . Because PIP2 concentration on the cytosolic leaflet at the plasma membrane undergoes a constant cycle of regeneration and breakdown [55, 76] , it is conceivable that any perturbation of this pathway is likely to affect the functioning of ion channels that are regulated by phospholipids such as PIP2. These events have physiological significance as PIP2 are cleaved in response to various stimuli including activating G-coupled receptors that couple to phospholipase C such as acetylcholine receptor. Indeed physiological studies showed that blocking PIP2 synthesis or stimulating PIP2 hydrolysis reduces NMDAR-mediated currents in cortical neurons and formation of the NMDA-receptor depended long term depression [77, 78] . Furthermore, a reduced level of phosphoinositides in the brain has been linked to symptoms of Alzheimer's disease [79] [80] [81] .
Many pharmacological probes such as poly-lysine and spermine show a spectrum of effects on NMDA receptor channels including voltage-dependent block as well as glycine-dependent and glycine-independent enhancement of NMDA-mediated responses [82] [83] [84] . These cationic molecules have a high affinity for anionic phospholipids that could modulate NMDA receptor function by interacting with phospholipid sensing domain of the receptor protein. Indeed a cluster of charged residues has been identified within the C-terminus of NMDA NR1 C0 and C1 splice variants (Figure 1(b) ) and may act as a phospholipid sensor. A similar cluster of positive charges in the proximal C-terminal domain of TREK-1 is central to the effect of phospholipids on the channel function. This cationic region is required for the interaction between the C-terminal domain of TREK-1 and the plasma membrane lipids [85] and has been shown to inhibit TREK-1 currents [85, 86] . It would be of great interest to investigate further the role of C-terminal domains of NMDA receptor splice variants and their possible role in phospholipid sensing.
REGULATION OF NMDA RECEPTORS BY FATTY ACIDS-POTENTIAL "BRAIN FOOD"
Modulation of NMDA receptor channels by fatty acids including arachidonic acid and linoleic acid have been reported and could occur either via changes in biophysical properties of the lipid bilayer such as curvature or a direct effect via a binding site [8, 42, 87, 88] . Similar to phospholipids, fatty acids are components of all biological membranes and their presence increases membrane fluidity [47] . Furthermore, the NMDANR1 subunit contains a sequence similar to that of a family of fatty acid binding proteins [88] . Several studies suggest that a positive feedback mechanism may exist between fatty acids and NMDA receptor activation. This is because initial Ca 2+ influx through activated NMDA receptor channels stimulates endogenous phospholipase A2 [89] and thus release of more fatty acids from cellular membranes. Liberation of these fatty acids into intracellular fluid further potentiates NMDA receptor responses [90] . Omega-3 and omega-6 fatty acids have been shown to stimulate cell membrane expansion at the growth cones indicating their role in neurogenesis [91] , which is thought to be mediated via NMDA receptor channels. This further indicates that the composition of the lipid bilayer is an important modulator of the NMDA receptor function and could play an important role in NMDA receptor mediated signalling, synaptogenesis and excitotoxicity. Recently we have demonstrated that in the liposome system, stretching of the lipid bilayer, as well as the application of arachidonic acid, alleviate Mg 2+ block and potentiate currents through recombinant NMDA receptor channels [42] . Similar results have been obtained with the use of linoleic acid [87] . This further indicates that the composition of the lipid bilayer is an important modulator of the NMDA receptor function and could play an important role in NMDA receptor mediated signalling, synaptogenesis and excitotoxicity. It can also provide an explanation as to why the functioning of certain types of NMDANR1 splice variants depends on the cell type they are expressed in. Interestingly omega-3 and omega-6 fatty acids have been shown to stimulate cell membrane expansion at the growth cones indicating their role in neurogenesis [91] , which is thought to be mediated via NMDA receptor channels.
One physiological consequence of the effect of fatty acids on the block and permeability of NMDA receptors could be its interference with LTP. Indeed, there is evidence that DHA is crucial for induction of LTP and the inhibition of phospholipase A2 (to block arachidonic acid release) prevents induction of LTP in the hippocampal CA1 region [92] . Interestingly, the dietary intake of DHA enhanced the learning ability and improved spatial cognition of rodents [93, 95] further indicating the importance of fatty acids in learning and memory. Indeed a deficiency in DHA is associated with a loss of learning ability and visual acuity in several mammalian species [93, 95] . Moreover, epidemiological studies suggest that patients with Alzheimer's disease show extremely low levels of DHA in their brains [96] . Fatty fish are the major source of DHA and reduced fish or DHA intake increases risk for Alzheimer's disease [97] . The DHA depletion aggravates cognitive deficits in mouse whereas DHA supplementation is neuroprotective and slows down pathogenesis of Alzheimer's disease [98] .
Several epidemiological studies identified low dietary intake of omega-3 polyunsaturated fatty acids as a candidate risk factor for Alzheimer's disease. Omega-3 (present in linseed oil, nuts, soya beans, wheat and cold water fish) and omega-6 (present in maize, sunflower and sesame oil) are two types of essential polyunsaturated fatty acids (PUFA) that cannot be synthetised by the organism and have to be obtained from diet. Brain membranes have a very high content of essential polyunsatured fatty acids and omega-3 and omega-6 are necessary for the differentiation and functioning of cultured brain cells [99] . Furthermore, a reduction in both omega-3 and omega-6 types of fatty acids (decosahexaenoic and arachidonic acids respectively) is observed during ageing [99] . Dietary lack of essential polyunsatured fatty acids (in particular omega-3) has been reported to influence cerebral development, affect learning efficiency and memorizing tasks, as well as prevent neuropsychiatric disorders, particularly depression and dementia, including Alzheimer's disease [47, 99] all of which are NMDA receptor mediated. From the historical perspective, an increase in consumption of animal tissue rich in polyunsaturated fatty acids such as bone marrow (another source of PUFA) and diet including marine resources during human evolution is believed to mark the origins of modern humans and the appearance of complex cognition [100] .
EPIDEMIOLOGICAL STUDY LINK TO DEMENTIA
There is a growing body of evidence that disturbances of NMDA receptor based neurotransmission may underlie the pathogenesis and cognitive deficits of Alzheimer's dementia [101, 102] . In Australia the prevalence of dementia seems to increase continuously especially among people from low socio-economic backgrounds including Aboriginal people. For example recent study [103] found that 27% of Aboriginal Australians over the age of 65 years living in the Kimberley region have dementia. The high prevalence is at odds with what has consistently been found in other populations with low literacy, smoking and a western diet. Aboriginal people used to be hunter-gatherers whose daily diet varied according to the type of food available in the particular location and season. Their diet included variety of plants, nuts, reptiles and extensive range of marine animals all of them rich in essential fatty acids. Since the European arrival, the traditional Aboriginal diet shifted towards processed western foods which are very low in essential fatty acids but high in fat and cholesterol. Thus it is possible that diet and increased prevalence of smoking which causes lipid peroxidation-a marker of aging brain, are a potential causal factor for the high rates of non-specified dementia reported in certain population groups.
CONCLUSIONS
The biological and nutritional aspects of polyunsaturated fatty acids and dietary fish oils have long been recognized. The omega-3 linolenic and omega-6-linoleic acids are plant derived dietary supplements which are essential for all mammals. These fatty acids play an important role in human health including brain development and neuronal regeneration [104, 105] . Many dietary supplements of essential fatty acids are freely available and can be taken safely in high doses and thus are suitable for primary prevention of neurodegenerative disorders. Therefore, a better understanding of the role of phospholipids and fatty acids and their action on different NMDA receptor subunits could aid in developing novel lipophilic therapeutic agents and nutritional strategies for better treatment and prevention of these important medical conditions. Further study towards understanding cellular processes involved in regulation of NMDA receptors by lipid bilayer and cytoskeletal proteins and protein-lipid interaction that affects channel gating will shed new light on the molecular mechanism of NMDA-receptor mediated plasticity that underlies memory formation. Better understanding of how memories are formed could lead to new treatments for age related dementias such as Alzheimer's disease. 
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